The individual processes involved in interstitial fluid volume and protein regulationmicrovascular filtration, lymphatic return, and interstitial storage-are relatively simple, yet their interaction is exceedingly complex. There is a notable lack of a first-order, algebraic formula that relates interstitial fluid pressure and protein to critical parameters commonly used to characterize the movement of interstitial fluid and protein. Therefore, the purpose of the present study is to develop a simple, transparent, and general algebraic approach that predicts interstitial fluid pressure (P i ) and protein concentrations (C i ) that takes into consideration all three processes.
INTRODUCTION
and protein dynamics has made it too difficult to identify the separate effects of interstitial inflow and outflow on interstitial fluid pressure (P i ) and protein concentration (C i ) (2, 31) . Typically, the values of P i and C i are assumed constant, i.e., unaffected by changes in interstitial inflow (14) . Characterizing the behavior of a single lymphatic vessel is complicated by the interplay of its axial pressure gradient, transmural pressure, and endothelial shear stress (3, 23, 24, 34, 45) .
Characterizing the function of an entire lymphatic system, however, is relatively simple, since the lymphatic system pressure-flow relationship can be linear over a large range of pressures (5, 22, 23) . As interstitial fluid pressure increases, the resulting increase in axial pressure gradients and transmural pressures act in concert to increase lymph flow (34) . In a series of articles, Drake and Laine successfully characterized the lymphatic pressure-flow relationship with two empirically-derived parameters-the effective lymphatic resistance (R L ) and the lymphatic pump pressure (P p ) (13, 15, 17, 38, 39) . A recent study related the values of R L and P p to the mechanical properties of lymphatic vessels, including vessel contractility and contraction frequency (50). Although investigators have used Drake and Laine's formulation to predict the interaction of one part of a lymphatic system with another (55), this simple description has not yet been used to address lymphatic-microvascular interaction. In fact, a significant number of studies neglect the effect of lymphatic function on interstitial fluid balance (14) .
Conservation of mass: edema is conventionally characterized as an imbalance of interstitial inflow and outflow. The process of interstitial fluid volume regulation is typically
characterized by invoking the principle of conservation of mass. The difference between interstitial inflow and outflow rates determines the rate of change in interstitial fluid volume.
That is, when the inflow rate is greater than the outflow rate, the interstitial fluid volume increases. Conversely, when the outflow rate is greater than the inflow rate, the interstitial fluid volume decreases. The principle of conservation of mass, however, is limited. For instance, if only microvascular filtration is elevated experimentally, then gravimetric approaches can be used to ascribe changes in interstitial fluid volume to changes in microvascular permeability (14) .
However, measurement of interstitial fluid volume alone does not reveal whether microvascular filtration has increased or lymphatic function has decreased. In fact, once edema is established, inflow is equal to outflow, and no information is available to determine whether microvascular or lymphatic function has been compromised. Furthermore, the amount of microvascular filtration and lymph flow in the steady-state is not directly related to interstitial fluid volumeedema can be associated with both high and low flows (10) . Finally, because both conservation of mass and balance of forces are necessary to characterize mechanical systems from fundamental principles (21) , characterization of edema as a mismatch of inflow and outflow is theoretically incomplete. Taken together, conservation of mass is necessary, but not sufficient, to characterize interstitial fluid balance.
Interstitial storage: interstitial compliance is conventionally believed to determine interstitial fluid pressure. The interstitium's capacity to store fluid is a fundamental mechanical property characterized by the "interstitial compliance", the slope of the interstitial fluid volumepressure relationship (28, 51) . Interstitial compliance is believed to play a fundamental role in interstitial fluid balance-it determines how much interstitial fluid volume rises with an increase in interstitial fluid pressure. Three related concepts follow. First, the extraordinarily high interstitial compliance reported for the lung may prevent complications arising from edema (28, 54) . In this case, interstitial fluid volume can significantly increase without a concomitant increase in interstitial fluid pressure, thus preventing alveolar flooding (28, 54) . Second, decreasing the effective interstitial compliance with compressive sleeves may reduce peripheral edema by raising interstitial fluid pressure (6, 9) . In this case, reduction of interstitial fluid volume follows from diminished microvascular filtration and enhanced lymphatic drainage.
Third, increasing interstitial compliance with pharmacological agents or focal injury may induce edema by decreasing interstitial fluid pressure (52). In this case, the lower interstitial fluid pressure draws fluid into the interstitium from the microvascular space. Inherent in all three concepts, a change in interstitial compliance is believed to alter the equilibrium interstitial fluid pressure.
Limitations of conventional mathematical models of fluid balance. The individual processes involved in interstitial fluid volume regulation-inflow, outflow, and storage-are relatively simple, and can be expressed in terms of general algebraic formulas. Integrating them to predict interstitial fluid pressure and volume, however, has been problematic. The interaction is complicated by the presence of negative feedback; an increase in interstitial fluid volume limits microvascular filtration and enhances lymphatic drainage. Furthermore, the effect of lymphatic function has not been explicitly introduced into fluid balance models, limiting the generality of the results. Furthermore, the accumulation of interstitial fluid volume and proteins introduces integrals that have required numerical solution. Taken together, there is a notable lack of a first-order, algebraic formula that relates interstitial volume to critical parameters commonly used to characterize the movement of interstitial fluid. Therefore, the purpose of the present study is to develop a simple, general, algebraic approach that predicts interstitial fluid pressure, volume and protein concentration resulting from the interaction of microvascular, interstitial and lymphatic function. [ ]
To be consistent with rest of the analysis, Starling-Landis Equation is formulated in terms of plasma (C c ) and interstitial protein (C i ) concentration given by Eq. 2 and will be used henceforth.
[ ]
When concentration is expressed in moles/kg, α can be estimated by R·T, where R is the ideal gas constant and T is absolute temperature (57). When concentration is expressed in mg/ml, an experimentally derived value for α is used (31, 32) . Consistent with previous work (10), P c , P i , C c , and C i are considered variables, and K f and σ are considered structural parameters.
Interstitial inflow of proteins. The microvascular protein extravasation rate (J sV ) (i.e., the interstitial inflow of proteins) is characterized using the linear Taylor-Granger Equation (Eq. 3) (2, 56) . In this formulation, protein flux across microvascular membrane is determined by convective as well as diffusive processes. The microvascular fluid filtration rate (J V ) drives the convective transfer of proteins, and is modified by C c and σ. The protein concentration gradient across microvascular membrane (C c -C i ) drives protein diffusion, and is modified by the microvascular protein permeability-surface area product (PS).
(1 ) ( )
Although this formulation is based on an approximation proposed by Kedem et al. (37) that treats diffusion and convection as independent processes, comparison with other formulations suggested that the Taylor-Granger formulation better approximates the well-accepted nonlinear Patlak-Hoffman (49) formulation (Eq. A2) than other reported formulas (see Appendix).
Interstitial outflow of fluid. The Drake-Laine Equation (Eq. 4) characterizes lymphatic function by relating lymph flow rate (J L ) to an effective lymphatic driving pressure (12) . This equation is based on the common assumption that there is no protein concentration gradient across the terminal lymphatic membrane, and only the hydrostatic pressure gradient across lymphatic vessels drives the lymph flow (2). Since lymphatic outlet pressure (P out ) is typically greater than interstitial fluid pressure (P i ), the difference in P i and P out tends to retard lymph flow. The value of (P i +P p ) represents the lymphatic driving pressure and is composed of interstitial hydrostatic pressure and lymphatic pumping pressure (P p ). The effective lymphatic resistance (R L ) is the slope of the relationship between effective lymphatic driving pressure (P i +P p -P out ) and the resulting lymph flow.
In this formulation P p and R L are empirically-derived parameters used to describe the lymphatic pressure-flow relationship (12) , and are not necessarily equivalent to pressure developed by lymphatic vessel contraction or resistance to lymph flow. Recently, P p and R L were related to lymphatic contractility and contraction frequency (50). Since transserosal flow is ultimately collected by lymphatics and returned to systemic circulation, transserosal flow is accommodated by the Drake-Laine model (Eq. 4).
Interstitial outflow of proteins. Without a protein concentration gradient across the terminal lymphatic membrane, lymph protein concentration would be equal to interstitial protein concentration. Furthermore, the interstitial outflow rate of proteins is determined by a convective process only. Using the Drake-Laine Equation (Eq. 4) to characterize the lymphatic fluid drainage rate (J L ) driving convection, the rate of lymphatic drainage of interstitial proteins (J sL ) can be described.
Conservation of mass. Based on the principle of conservation of mass, the rate of change in interstitial fluid volume (V) is determined by the difference between interstitial inflow (J V ) and outflow (J L ) rates of fluid. Similarly, the rate of change in interstitial protein content (Q) is determined by the difference between interstitial inflow (J sV ) and outflow (J sL ) rates of proteins
In steady-state, interstitial fluid volume and protein concentration ceases to change, and thus dV/dt and dQ/dt both equal zero. Therefore, inflow is balanced with outflow, and J V =J L and
Characterizing interstitial storage. Thus, with significant edema, the sensitivity of interstitial fluid pressure to interstitial fluid volume is lost (28) . To capture this behavior, the interstitial fluid volume-pressure relationship in this range can be represented by another linear relationship, with a higher slope representing higher interstitial compliance. While within a particular linear range, the rate of interstitial fluid volume accumulation is related to interstitial compliance and the rate change in interstitial fluid pressure, dP i /dt (Eq. 7a).
Interstitial storage of proteins is characterized by the ratio of total interstitial protein (Q) and interstitial fluid volume (Eq. 7b).
METHODS
Approaches to solving equations. various publications that used similar experimental models and conditions (Table 1) .
Sensitivity Analysis. To determine the sensitivity of predicted values to parameters, the effect of 10% variation in each parameter was determined on the estimation of P i and J L for the illustrative case of the dog lung ( Table 2 ). While one parameter was varied by 10%, the remaining parameters were assumed constant and equal to those listed in Table 1 . 2-7 were solved numerically, assuming that interstitial compliance increased linearly for 15 minutes to a plateau, using the same numerical methods described above for a stepwise increase in P c . A set of parameters were chosen to reproduce the steady-state interstitial fluid pressure (before injury) and the peak negative interstitial fluid pressure (after injury). The resulting interstitial fluid pressure was plotted as a function of time.
Comparison of model predictions to reported changes in interstitial fluid

RESULTS
Graphical representation of steady-state. The steady-state values of P i and C i can be represented graphically using a standard balance-point approach (27, 29) . For illustration purposes, Fig [ ]
Notably, interstitial compliance), does not appear in Eq. 8a, indicating that interstitial compliance has no effect on interstitial fluid pressure. If C i were to be measured, Eq. 8a
immediately yields a value of P i . Conversely, if P i were to be measured, Eq. 8b immediately yields a value of C i . However, numerical approaches can be used to solve Eq. 8a and 8b
simultaneously to yield values of P i and C i without these measurements. Substituting Eqs. 8a and 8b into Eqs. 4 and 5 yield equilibrium lymphatic flows of fluid and protein.
Validation of model in steady-state. Table 1 Table 1 were 0.3±0.3 mmHg and 2.0±1.6 mg/ml (mean±SD).
Sensitivity Analysis. As each parameter was varied by 10%, estimated P i and J L also varied considerably (Table 2) . However, it is evident that 10% increase in σ produced the largest change in estimated P i and J L . Notably, changes in the microvascular filtration (K f ) and the surface area-protein permeability product (PS) had relatively small effects on P i and J L . Also notable is that changes in capillary pressure (P c ) had a much greater effect than changes in lymphatic outlet pressure (P out ).
Role of interstitial compliance in interstitial fluid pressure and fluid volume regulation. nonlinear, since the slope increases dramatically at higher hydration levels (28) . This particular nonlinearity has minimal impact on Eq. 8, since interstitial compliance has no effect on steadystate interstitial fluid pressure. It may affect the predicted transient changes in interstitial fluid pressures illustrated in Fig. 3 , however, since the range of interstitial fluid pressures is so large.
Another critical assumption of linearity is embodied by the description of lymphatic function, appropriated from Drake et al. (12) . Two critical parameters, R L and P p , were derived empirically, and represent the slope and intercept of the lymphatic outflow-pressure relationship.
As has been argued previously (2), R L and P p do not represent the physical resistance to lymph flow or the pressure developed by lymphatic contractions. Recently, R L and P p have been revealed to be related to both lymphatic vessel contractility and contraction frequency (50). (Fig. 3) . In particular, the interstitial fluid pressures fell abruptly, rose exponentially (time constant≈45 minutes), and returned to baseline values. Small persistent deviations from baseline values may have been the result of confounding alterations in microvascular permeability (1, 46, 52). We can predict that as small as a 25% increase in the microvascular filtration coefficient or 50% increase in the effective lymphatic resistance after burn injury will result in this small deviation in steady-state interstitial fluid pressure.
Graphical balance point approach provides a tool to conceptualize complex problems.
The algebraic solutions developed in the present work (Eq. intercepts. Figure 5A illustrates that increasing K f shifts the balance point (from A to B), yielding higher interstitial fluid pressure and lymph flow. Figure 5B illustrates that increasing R L shifts the balance point, yielding higher interstitial fluid pressure and lower lymph flow. For instance, in the case of dog lung, a 10% increase in K f increases P i by 0.22 mmHg, whereas a 10% increase in R L increases P i by 0.33 mmHg (Table 2 ). Figure 5C illustrates that increasing capillary pressure (P c ) increases microvascular driving pressure that shifts the balance point, yielding higher interstitial fluid pressure and lymph flow. By increasing the microvascular driving pressure, a 10% increase in P c increases P i by 0.55 mmHg in dog lung. Figure 5D illustrates that increasing lymphatic outlet pressure (P out ) increases lymphatic effective pumping 
(1 )( ) Table 1 .
TABLES
Comparison between the predicted values of interstitial fluid pressure (P i ) and interstitial protein concentration (C i ) calculated from Eq. 8 and previously reported values. Average difference in predicted and measured values of P i and C i is 0.3±0.3 mmHg and 2.0±1.6 mg/ml (mean±SD) respectively. Numbers in the parentheses represent the reference from which the parameter value was collected. Parameters R L , K f , P c , C c , σ, PS, P p , and P out are defined in Table 2 . Values for P p were assumed; α = 0.37 (31, 32). Table 2 Effect of variation in parameters on estimated P i and J L in dog lung. Relative sensitivity of P i and J L to variation in structural as well as inflow and outflow parameters is evaluated in dog lung using parameter values listed in Table 1 . While parameter under consideration was increased by 10% other parameters were held constant. Changes in P i and J L were estimated using Eqs. 8a and 9a. Figure 1 Graphical representation of the balance point concept applied to interstitial fluid flow. Continuous line represents the Starling-Landis relationship (Eq. 2), which predicts that as interstitial pressure (P i ) increases, transmicrovascular flow into the interstitium (J V ) decreases. The dotted line represents the Drake-Lane relationship (Eq. 4), which predicts that as P i increases, lymph flow from the interstitium (J L ) increases. Their intercepts represent equilibrium, where flow into the interstitium is equal to flow out of the interstitium (i.e., J v =J L ). Dashed lines represent the steady-state values of P i , J L and J V , explicitly expressed by Eq. 8a. Intercepts and slopes are related to effective fluid driving pressures and resistances to fluid flow. 1/K f is the effective resistance to flow into the interstitium and R L is the effective lymphatic resistance. P c -σ(C c -C i ) represents the total effective pressure forcing fluid into the interstitium, where P c is the capillary hydrostatic pressure and C c -C i is the difference between capillary and interstitial protein concentrations. P out -P p represents the total effective pressure hindering flow from the interstitium, where P out is the lymphatic system outlet pressure (presumably central venous pressure) and P p is the effective lymphatic pumping pressure. Table I . Values of interstitial compliance, ∆V/∆P i , affect the rate at which the system comes to steady-state, as well as the steady-state interstitial fluid volume. A 10-fold increase in interstitial compliance results in ~6-fold increase in time required to reach steady-state and ~1.5-fold increase in the steady-state volume. Interstitial compliance has no impact on steady-state interstitial fluid pressure. 43) derived from a 40% burn injury in skin, which causes a rapid increase in interstitial compliance. The resulting interstitial fluid pressure (P i ) drops rapidly, which is normalized here by the peak negative value (P imin =-31 mmHg). Curve represents simulation of the effect of rapidly increasing interstitial compliance on interstitial fluid pressure found by numerically solving Eqs. [2] [3] [4] [5] [6] [7] . The set of model parameters was chosen such that Eq. 8 reproduced the reported steady-state interstitial fluid pressure before the burn injury (approximately -1.6 mmHg). The value of interstitial compliance was chosen to reproduce the reported value of P imin . The resulting model parameters were P c =16 mmHg, C c =58 mg/ml, σ=0.62, P p =20 mmHg, P out =2 mmHg, K f =0.02 ml/100g·mmHg·min, R L =66 mmHg·min/ml·100g. Increase in interstitial compliance causes interstitial fluid pressure to rapidly drop, and then recover to baseline values following an exponential time course (time constant≈45 minutes). . With the electrical analogy, inlet resistance is equivalent to the inverse of the microvascular filtration coefficient (1/K f ), outlet resistance is equivalent to the effective lymphatic resistance (R L ), and capacitance is equivalent to the interstitial compliance (∆V/∆P i ). The effective inlet voltage is equivalent to [P c -ασ(C c -C i )], which depends on capillary pressure (P c ), the reflection coefficient (σ), and the difference in capillary and interstitial protein concentrations (C c -C i ).
FIGURES
The effective outlet voltage is equivalent to (P out -P p ), which depends on the lymphatic outlet pressure (P out ) and the effective lymphatic pump pressure (P p ). Under transient conditions, when interstitial inflow is greater than outflow, interstitial fluid volume increases. In this case, interstitial compliance affects transient changes in P i . At steady-state, inflow equals outflow, and interstitial compliance ceases to affect P i . In this case, the ratio of 1/K f and R L determines whether P i approaches microvascular driving pressure [P c -ασ(C c -C i )] or effective lymphatic pumping pressure (P out -P p ). to K f2 ) shifts the balance point from A to B and increases interstitial fluid pressure (from P i1 to P i2 ). B) Increasing effective lymphatic resistance (from R L1 to R L2 ) shifts the balance point from A to B and increases interstitial fluid pressure (from P i1 to P i2 ). C) Increasing capillary pressure (from P c1 to P c2 ) shifts the x-intercept from x 1 to x 2 and the balance point from A to B and results in higher interstitial fluid pressure (from P i1 to P i2 ). D) Increasing lymphatic outlet pressure (from P out1 to P out2 ) shifts the x-intercept from x 1 to x 2 and the balance point from A to B and results in higher interstitial fluid pressure (from P i1 to P i2 ). E) Concomitantly increasing K f and R L shifts the balance point from A to B and increases interstitial fluid pressure (from P i1 to P i2 ), but J V and J L are unaltered. F) Simultaneously increasing K f and decreasing R L increases J V and J L , but maintains interstitial fluid pressure. Table 2 Effect of variation in parameters on estimated P i and J L in dog lung. Relative sensitivity of P i and J L to variation in structural as well as inflow and outflow parameters is evaluated in dog lung using parameter values listed in Table 1 . While parameter under consideration was increased by 10% other parameters were held constant. Changes in P i and J L were estimated using Eqs. 8a and 9a. 1/K f is the effective resistance to flow into the interstitium and R L is the effective lymphatic resistance. P c -V(C c -C i ) represents the total effective pressure forcing fluid into the interstitium, where P c is the capillary hydrostatic pressure and C c -C i is the difference between capillary and interstitial protein concentrations. P out -P p represents the total effective pressure hindering flow from the interstitium, where P out is the lymphatic system outlet pressure (presumably central venous pressure) and P p is the effective lymphatic pumping pressure. Table I . Values of interstitial compliance, οV/οP i , affect the rate at which the system comes to steady-state, as well as the steady-state interstitial fluid volume. A 10-fold increase in interstitial compliance results in ~6-fold increase in time required to reach steady-state and ~1.5-fold increase in the steady-state volume. Interstitial compliance has no impact on steady-state interstitial fluid pressure. 43) derived from a 40% burn injury in skin, which causes a rapid increase in interstitial compliance. The resulting interstitial fluid pressure (P i ) drops rapidly, which is normalized here by the peak negative value (P imin =-31 mmHg). Curve represents simulation of the effect of rapidly increasing interstitial compliance on interstitial fluid pressure found by numerically solving Eqs. [2] [3] [4] [5] [6] [7] . The set of model parameters was chosen such that Eq. 8 reproduced the reported steady-state interstitial fluid pressure before the burn injury (approximately -1.6 mmHg). The value of interstitial compliance was chosen to reproduce the reported value of P imin . The resulting model parameters were P c =16 mmHg, C c =58 mg/ml, V=0.62, P p =20 mmHg, P out =2 mmHg, K f =0.02 ml/100g·mmHg·min, R L =66 mmHg·min/ml·100g. Increase in interstitial compliance causes interstitial fluid pressure to rapidly drop, and then recover to baseline values following an exponential time course (time constant §45 minutes).
A: Transient Figure 4 : Representation of interstitial fluid pressure (P i ) regulation in terms of both fluid compartments and an electrical analogy under transient (A) and steady-state conditions (B). With the electrical analogy, inlet resistance is equivalent to the inverse of the microvascular filtration coefficient (1/K f ), outlet resistance is equivalent to the effective lymphatic resistance (R L ), and capacitance is equivalent to the interstitial compliance ( V/ P i ). The effective inlet voltage is equivalent to [P c -(C c -C i )], which depends on capillary pressure (P c ), the reflection coefficient ( ), and the difference in capillary and interstitial protein concentrations (C c -C i ). The effective outlet voltage is equivalent to (P out -P p ), which depends on the lymphatic outlet pressure (P out ) and the effective lymphatic pump pressure (P p ). Under transient conditions, when interstitial inflow is greater than outflow, interstitial fluid volume increases. In this case, interstitial compliance effects transient changes in P i . At steady-state, inflow equals outflow, and interstitial compliance ceases to affect P i . In this case, the ratio of 1/K f and R L determines whether P i approaches microvascular driving pressure [P c -(C c -C i )] or effective lymphatic pumping pressure (P out -P p ). to K f2 ) shifts the balance point from A to B and increases interstitial fluid pressure (from P i1 to P i2 ). B) Increasing effective lymphatic resistance (from R L1 to R L2 ) shifts the balance point from A to B and increases interstitial fluid pressure (from P i1 to P i2 ). C) Increasing capillary pressure (from P c1 to P c2 ) shifts the x-intercept from x 1 to x 2 and the balance point from A to B and results in higher interstitial fluid pressure (from P i1 to P i2 ). D) Increasing lymphatic outlet pressure (from P out1 to P out2 ) shifts the x-intercept from x 1 to x 2 and the balance point from A to B and results in higher interstitial fluid pressure (from P i1 to P i2 ). E) Concomitantly increasing K f and R L shifts the balance point from A to B and increases interstitial fluid pressure (from P i1 to P i2 ), but J V and J L are unaltered. F) Simultaneously increasing K f and decreasing R L increases J V and J L , but maintains interstitial fluid pressure. . R1 is reduced as C i approaches C c . However, it can be shown by algebraically reducing Eq. A4b that R2 is independent of C c or C i and is therefore not affected by changes in C i /C c . The fact that R1 >1 and R2 >1 with increasing J V suggests that the Taylor-Granger formulation is the best approximation of the Patlak-Hoffman formulation.
